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ABSTRACT 15 
Accounting for greenhouse gas (GHG) emissions of nations is essential to understanding their 16 
importance to global climate change and help inform the policymaking on global GHG mitigation. 17 
Previous studies have made efforts to evaluate direct GHG emissions of nations (a.k.a. production-based 18 
accounting method) and GHG emissions caused by the final consumption of nations (a.k.a. 19 
consumption-based accounting method), but overlooked downstream GHG emissions enabled by 20 
primary inputs of individual nations and sectors (a.k.a. income-based accounting method). Here we 21 
show that the income-based accounting method reveals new GHG emission profiles for nations and 22 
sectors. The rapid development of mining industries drives income-based GHG emissions of resource-23 
exporting nations (e.g., Australia, Canada, and Russia) during 1995–2009. Moreover, the rapid 24 
development of sectors producing basic materials and providing financial intermediation services drives 25 
income-based GHG emissions of developing nations (e.g., China, Indonesia, India, and Brazil) during 26 
this period. The income-based accounting can support supply-side policy decisions and provide 27 
additional information for determining GHG emission quotas based on cumulative emissions of nations 28 
and designing policies for shared responsibilities. 29 
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INTRODUCTION 34 
Accounting for greenhouse gas (GHG) emissions of nations is essential to understanding their 35 
contributions to and responsibilities for global climate change and inform the policymaking on global 36 
GHG mitigation. Existing studies focus on the accounting of GHG emissions of nations. The United 37 
Nations Framework Convention on Climate Change (UNFCCC) is based on GHG emissions of nations 38 
according to their direct geographic GHG emissions (e.g., region B in Figure 1) 1, a.k.a. production-39 
based accounting method 2. The production-based accounting method neglects indirect GHG emissions 40 
embodied in the supply chain, causing carbon leakage which undermines the effects of international 41 
climate policies 3, 4. Consumption-based accounting method is proposed to assign supply chain GHG 42 
emissions to final consumers (e.g., region C in Figure 1) 2, 5-7. In order to engage both direct emitters and 43 
final consumers in global GHG mitigation, studies have suggested that nations/regions should share 44 
production-based and consumption-based emission responsibilities 2, 8-10. 45 
On the other hand, economies can be regarded as not only demand-driven (corresponding to the 46 
consumption-based accounting method) but also supply-driven 11, 12. Primary inputs (e.g., supplies of 47 
labor forces and capital) at the beginning of supply chains enable the production and GHG emissions of 48 
downstream users. Production-based and consumption-based accounting methods overlook the role of 49 
primary inputs in global supply chains. 50 
To highlight the role of primary inputs in global supply chains, income-based accounting method has 51 
been proposed as an alternative approach to allocate global GHG emissions to nations. It assigns global 52 
emissions to primary suppliers (e.g., region A in Figure 1) that enable downstream emissions through 53 
primary inputs 13-16. Identifying critical primary suppliers can help inform supply-side policymaking 54 
such as influencing product allocation behaviors (e.g., encouraging mining enterprises to sell resources 55 
to downstream users that have low GHG intensity) and primary input behaviors (e.g., properly limiting 56 
loan supply and subsidies to mining enterprises that have large income-based GHG emissions) 17, 18, 57 
which are different from production-side (corresponding to the production-based accounting method) 58 
and demand-side (corresponding to the consumption-based accounting method) policies. 59 
 60 
Figure 1. A three-region economy showing the production-based, consumption-based, and income-61 
based accounting methods. Region B have g1 direct emissions, while regions A and C do not have direct 62 
emissions. Region A supplies to the production of region B, and region B supplies to the final 63 
consumption of region C. Region B is identified as important based on the production-based accounting; 64 
region C is identified as important based on the consumption-based accounting; and region A is 65 
identified as important based on the income-based accounting. 66 
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In addition, existing studies on income-based GHG emissions of nations are limited to carbon dioxide 67 
emissions based on data for a specific year (i.e., 2001 13, 2004 14, and 2011 16). A time-series analysis of 68 
income-based GHG emissions of nations can examine historical trends and thereby allow for an 69 
understanding of the dynamics of GHG emissions resulting from each nation’s primary inputs. 70 
Moreover, existing studies on income-based GHG emissions are at the national level, instead of the 71 
nation-sector level which can support supply-side, sector-specific policymaking for global GHG 72 
mitigation. 73 
In this study we constructed a time-series GHG emission inventory of nations during 1995–2009 using 74 
income-based accounting method. We first examined income-based GHG emissions of nations. We then 75 
identified key nation-sectors in income-based GHG emissions. We also compared historical trends of 76 
nations in income-based, production-based, and consumption-based GHG emissions. We found that the 77 
income-based accounting reveals new profiles for GHG emissions of nations and sectors. In addition, 78 
GHG emissions considered in this study cover carbon dioxide, methane, and nitrous oxide, instead of 79 
just carbon dioxide in previous studies. 80 
 81 
METHODS AND DATA 82 
Production-based accounting investigates a nation’s role as a direct emitter, and production-based GHG 83 
emissions of a nation mean its direct geographic GHG emissions. Consumption-based accounting 84 
investigates a nation’s role as a final consumer, and consumption-based GHG emissions of a nation 85 
mean both direct and indirect upstream GHG emissions caused by its final consumption. Income-based 86 
accounting investigates a nation’s role as a primary supplier, and income-based GHG emissions of a 87 
nation mean both direct and indirect downstream GHG emissions enabled by its primary inputs. This 88 
study uses a global environmentally extended multiregional input-output (EE-MRIO) model to evaluate 89 
production-based, consumption-based, and income-based GHG emissions of nations. 90 
Input-output models describe product transactions within an economy 19. The core of the EE-MRIO 91 
model is a multiregional input-output (MRIO) table describing product exchanges within and among 92 
nations 20, 21. GHG emissions of sectors are treated as the satellite account of the MRIO table. The EE-93 
MRIO model traces GHG emissions from the nation of final consumption (i.e., final consumers) to the 94 
nation of production (i.e., producers) by capturing product supply chains 15, 20, 21. It also traces GHG 95 
emissions from the nation of primary inputs (i.e., primary suppliers) to the nation of production (i.e., 96 
producers) by capturing product sale chains 13-15. 97 
Production-based (equation 1), consumption-based (equation 2), and income-based (equation 3) GHG 98 
emissions of nations can be measured by equations (1) to (3) 99 
pr = e’ xr           (1) 100 
cr = e’ (I - A)-1 fr          (2) 101 
ir = vr (I - B)
-1 e          (3) 102 
where pr, cr, and ir indicate production-based, consumption-based, and income-based GHG emissions of 103 
nation r, respectively. The column vector e represents GHG emissions by unitary output of sectors, 104 
which equals to GHG emissions of each sector divided by its total output. The notation ’ means the 105 
transposition of the vector e. The column vector xr indicates the total output of each sector in nation r; 106 
the column vector fr indicates the final demand of nation r; and the row vector vr indicates the primary 107 
input of each sector in nation r. The matrix I is an identify matrix. The block matrix A shown in 108 
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equation (4) is the direct input coefficient matrix, and the block matrix B shown in equation (5) is the 109 
direct output coefficient matrix. The block Ars shows direct purchases from sectors of nation r by unitary 110 
output of each sector in nation s. The block Brs shows direct sales from sectors of nation r, in terms of 111 
unitary output in each sector of nation r, to sectors in nation s. 112 
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The matrix (I – A)-1, regarded as the Leontief Inverse matrix, captures the effect of global supply chains 115 
by describing both direct and indirect inputs from various sectors required to satisfy unitary final 116 
demand of products from particular sectors. The matrix (I – B)-1, regarded as the Ghosh Inverse matrix, 117 
captures the effect of global sale chains by describing both direct and indirect outputs from various 118 
sectors enabled by unitary primary input of particular sectors. 119 
Leontief MRIO model is regarded as demand-pull. Changes in the final demand drive upstream outputs 120 
22. On the other hand, Ghosh MRIO model is regarded as supply-push. Changes in primary inputs (e.g., 121 
labor and capital) drives downstream outputs 22. This study uses the Leontief MRIO model to capture 122 
the effect of global product supply chains in a particular year, which is the basis of consumption-based 123 
accounting. It also uses the Ghosh MRIO model to capture the effect of global product sale chains in a 124 
particular year, which is the basis of income-based accounting. In essence, the consumption-based 125 
accounting allocates emissions to final consumers, while the income-based accounting attributes 126 
emissions to primary suppliers. 127 
In particular, the income-based accounting method is different from the extraction-based accounting 128 
method 23 on two fronts. First, the extraction-based accounting method traces emissions back to the 129 
point of fuel extraction, while the income-based accounting method traces emissions back to primary 130 
inputs (e.g., labor forces and capital). In other words, the extraction-based accounting method only 131 
examines fuel extraction sectors and fuel supply chains, while the income-based accounting method 132 
examines all sectors and full product sale chains. Second, the extraction-based accounting method only 133 
considers GHG emissions from fuel combustion, while the income-based accounting method takes into 134 
account all types of GHG emission sources (e.g., fuel combustion, industrial processes, agricultural 135 
activities, and waste disposal activities). This study finds that although the income-based and extraction-136 
based accounting methods can both identify mining as a critical sector, the income-based accounting 137 
method can also identify other critical sectors (e.g., financial intermediation, agriculture, and wholesale 138 
& commission) that cannot be identified by the extraction-based accounting method. 139 
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Data for MRIO tables and GHG emissions of sectors are from the World Input-Output Database 140 
(WIOD, released on November 2013) during 1995–2009. The WIOD divides the world into 41 141 
nations/regions and 1,435 nation-sectors (35 sectors per nation) for each year 24, 25. GHG emissions 142 
considered in this study cover carbon dioxide, methane, and nitrous oxide, instead of just carbon dioxide 143 
in previous studies. Carbon dioxide equivalent (CO2-e) values of carbon dioxide, methane, and nitrous 144 
oxide are from the Fifth Assessment Report of the Intergovernmental Panel on Climate Change 26. The 145 
population and gross domestic products (GDP, in constant 2011 international dollars) of nations used to 146 
normalize their GHG emissions are from the World Bank database 27, except for Taiwan which is not 147 
separately listed in the World Bank database. The population and GDP of Taiwan are from its statistical 148 
departments 28. In particular, data for China in the World Bank database do not include Hong Kong and 149 
Macau, while data for China in the WIOD database cover Hong Kong and Macau. We sum up data for 150 
China, Hong Kong, and Macau in the World Bank database to be consistent with the system boundary of 151 
the data for China in the WIOD database. 152 
It is worth noting that there are many other global MRIO databases such as Eora 29, GTAP 30, and 153 
EXIOPOL 31. Scholars observed significant differences in data quality among these databases 32-34 and 154 
are trying to find ways to harmonize them 35, 36. Future studies based on global MRIO databases will 155 
greatly benefit from the harmonization in the data quality of these global MRIO databases. Moreover, 156 
given that sector and nation aggregation in input-output (IO) data can affect results of IO analyses 37-41, 157 
it is an interesting future research avenue to improve sector and nation resolution of the WIOD data. 158 
 159 
CUMULATIVE INCOME-BASED GHG EMISSIONS OF NATIONS 160 
China is the largest contributor to global GHG emissions in 2009. Its production-based, consumption-161 
based, and income-based GHG emissions in 2009 are 8.6, 8.2, and 7.8 billion tonnes of CO2 equivalents 162 
(Bt CO2-e), respectively, which are 62%, 44%, and 44% higher than GHG emissions of the US in 2009 163 
(Figure S1). However, the US has the largest cumulative GHG emissions during 1995–2009. Its 164 
cumulative production-based, consumption-based, and income-based GHG emissions during 1995–2009 165 
are 85.9, 92.3, and 86.9 Bt CO2-e, respectively, which are 1%, 16%, and 13% higher than cumulative 166 
GHG emissions of the second contributor–China during this period (Figure 2A). 167 
The income-based accounting method reveals different GHG emission profiles of nations over the 168 
production-based and consumption-based accounting methods. Russia, a major contributor to global 169 
GHG emissions, is more important as a primary supplier than as a direct emitter or final consumer of 170 
GHG emissions. It is a major exporter of resources (e.g., timber, mineral ores, and fossil fuels) which 171 
are essential inputs to industrial production. Resource extraction and exports of Russia enable 172 
downstream production and large amounts of GHG emissions (e.g., in electricity generation and metal 173 
smelting) (Figure S2). Cumulative income-based GHG emissions of Russia are 57% and 4% higher than 174 
its consumption-based and production-based GHG emissions during 1995–2009, respectively (Figure 175 
2A). We observe similar situation for GHG emissions of another two resource-exporting nations: 176 
Australia and Canada (Figures 2A and S2). Thus, the income-based accounting method highlights the 177 
important roles of resource-exporting nations as primary suppliers for global GHG emissions. If global 178 
GHG reduction takes into account income-based GHG emissions of nations, in addition to their 179 
production-based and consumption-based GHG emissions, resource-exporting nations will share more 180 
responsibilities. This finding also informs that supply-side measures should pay more attention to 181 
resource-exporting nations. 182 
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On the other hand, we observe the opposite situation for resource-importing nations. Cumulative 183 
income-based GHG emissions of the US–the biggest contributor to global cumulative GHG emissions–184 
are 6% lower than its cumulative consumption-based GHG emissions during 1995–2009. Moreover, 185 
cumulative income-based GHG emissions of China–the second biggest contributor to global cumulative 186 
GHG emissions–are 9% and 3% lower than its cumulative production-based and consumption-based 187 
GHG emissions during 1995–2009, respectively (Figure 2A). These nations are major resource 188 
importers and locate in downstream stages of global supply chains. They are more important as 189 
producers or final consumers than as primary suppliers. If global GHG reduction takes into account 190 
income-based GHG emissions of nations, in addition to their production-based and consumption-based 191 
GHG emissions, resource-importing nations will probably share less responsibilities. Such findings 192 
highlight the additional insights afforded by the income-based accounting method in relation to nations’ 193 
roles in driving global GHG emissions. Demand-side measures should pay more attention to resource-194 
importing nations. 195 
Developed nations generally have smaller populations with better life quality than developing nations. 196 
Therefore, per capita cumulative GHG emissions of developed nations are generally larger than those of 197 
developing nations (Figure 2B). Luxembourg (414 t CO2-e / capita) and Australia (389 t CO2-e / capita) 198 
are the two largest countries in per capita cumulative income-based GHG emissions, while India (21 t 199 
CO2-e / capita) and Indonesia (33 t CO2-e / capita) are the two smallest. 200 
Moreover, developed nations usually command more advanced and environmental friendly 201 
technologies, and are subject to stricter environmental regulations than developing nations. Thus, per 202 
gross domestic products (GDP) GHG emissions of developed nations are generally smaller than those of 203 
developing nations (Figure 2C). Russia (967 g CO2-e / US$) and China (807 g CO2-e / US$) has the 204 
largest per GDP income-based GHG emissions (Figure 2C), as a large portion of their primary inputs are 205 
given to sectors producing basic materials (e.g., agriculture, mining, fossil fuel processing, metal 206 
production, and electricity generation) and services which also enable large downstream GHG emissions 207 
(Figure S2). 208 
Levels of nations’ importance as drivers of global GHG emissions change substantially within the 209 
income-based, production-based, and consumption-based accounting methods. For instance, Russia has 210 
the largest per GDP production-based (933 g CO2-e / US$) and income-based (967 g CO2-e / US$) GHG 211 
emissions, while China has the largest per GDP consumption-based GHG emissions (829 g CO2-e / 212 
US$) during 1995–2009. 213 
 214 
CUMULATIVE INCOME-BASED GHG EMISSIONS OF NATION-SECTORS 215 
Results at the sector level (Figure 3) show that top 20 sectors in income-based GHG emissions during 216 
1995–2009 are mainly related to basic materials (i.e., agriculture, mining, metals, and electricity) and 217 
manufacture-related services (i.e., renting and other business, wholesale and commission trade, 218 
financial intermediation, inland transport, and other services). Basic materials and these services are 219 
essential to industrial production and enable large amounts of downstream GHG emissions. These 220 
sectors mainly locate in nations with large GDP, i.e., the US, China, India, Russia, and Brazil. 221 
The income-based accounting method reveals different importance degrees of nation-sectors over the 222 
production-based and consumption-based accounting methods. Three sectors of the US (i.e., renting and 223 
other business, wholesale and commission trade, and financial intermediation) have relatively few 224 
production-based and consumption-based GHG emissions, but large income-based GHG emissions. For 225 
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instance, income-based GHG emissions of renting and other business sector of the US are 389% and 226 
554% higher than its production-based and consumption-based emissions, respectively. These three 227 
sectors are more important as primary suppliers than as direct emitters and final consumers. They 228 
provide essential services to downstream producers and enable large amounts of downstream GHG 229 
emissions. 230 
Moreover, the income-based accounting method gives different sector rankings compared to the 231 
production-based and consumption-based accounting methods. For instance, the mining sector of China 232 
ranks the 163rd in cumulative consumption-based GHG emissions, but the 6th in cumulative income-233 
based GHG emissions during 1995–2009. Moreover, the financial intermediation sector of the US ranks 234 
119th in cumulative production-based GHG emissions, but 15th in cumulative income-based GHG 235 
emissions during 1995–2009. 236 
These findings are validated by the relatively low correlation among the sector rankings by cumulative 237 
production-based, consumption-based, and income-based GHG emissions (Table S1). The correlation 238 
coefficient for sector rankings by cumulative income-based and production-based GHG emissions is 0.7, 239 
and that by cumulative income-based and consumption-based GHG emissions is 0.6. Both of the 240 
correlation coefficients are a little far from 1 which indicates the same sector rankings between two 241 
accounting methods. Figure 4 shows the variation trends in correlation coefficients for sector rankings 242 
by three accounting methods. An upward trend means that the sector rankings (indicating the importance 243 
degrees of sectors) between two methods are becoming more and more similar. On the contrary, a 244 
downward trend means that the difference in results between these two methods are becoming larger and 245 
larger. We observe a downward trend in the correlation coefficient between results of the income-based 246 
and production-based accounting methods during 1995–2009, indicating that there is an increasing 247 
separation between primary inputs (e.g., capital and labor forces) and GHG emitters along the global 248 
supply chains. Such an increasing separation validates the necessity of the income-based accounting 249 
method in identifying the importance of nation-sectors, in addition to the production-based accounting 250 
method. The correlation coefficient between the income-based and consumption-based accounting 251 
methods has a fluctuant trend during 1995–2009, and we observe similar situation between the 252 
production-based and consumption-based accounting methods during this period. This indicates that the 253 
separation status between primary inputs and consumption as well as between the production and 254 
consumption remains stable, with the average correlation coefficients as 0.6182 and 0.6245, 255 
respectively. 256 
Thus, the income-based accounting method can identify new critical nation-sectors leading to global 257 
GHG emissions which are unidentifiable in the production-based and consumption-based accounting 258 
methods, such as the renting and other business, wholesale and commission trade, and financial 259 
intermediation sectors. Supply-side policies are needed to guide primary input behaviors (e.g., limiting 260 
loan supply and subsidies 17, 18) and product allocation behaviors (e.g., promoting enterprises in these 261 
sectors to sell their products to less GHG-intensive downstream users 18) in these sectors. 262 
 263 
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 264 
Figure 2. Cumulative GHG emissions of nations during 1995–2009. Per capita cumulative GHG emissions of a nation equal to its 265 
cumulative GHG emissions during 1995–2009 divided by its population in 2009, while per gross domestic products (GDP) GHG 266 
emissions of a nation equal to its cumulative GHG emissions during 1995–2009 divided by its cumulative GDP during this period. 267 
10 
 268 
Figure 3. Top 20 sectors with the largest cumulative income-based GHG emissions during 1995–2009. RoW represents Rest of 269 
World. 270 
 271 
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 272 
Figure 4. Temporal trends in correlation coefficients indicating the correlation of sector rankings during 273 
1995–2009. 274 
 275 
TEMPORAL TRENDS IN INCOME-BASED GHG EMISSIONS OF NATIONS 276 
Income-based GHG emissions of developing nations keep growing during 1995–2009 (Figure 5), 277 
mainly due to their continuously increasing primary inputs (e.g., capital and labor forces) to promote 278 
economic development. Income-based GHG emissions of China, Indonesia, India, and Brazil in 2009 279 
increased by 97%, 74%, 58%, and 31%, respectively, over 1995 levels (Figure S3). This increase is 280 
mainly driven by the rapid development of sectors producing basic materials (e.g., agricultural products, 281 
mineral ores and fossil fuels, metals, and electricity) and providing financial intermediation services 282 
(Figure S4). These products are essential to industrial production, and primary inputs to their production 283 
enable large amounts of downstream GHG emissions. 284 
On the other hand, income-based GHG emissions of developed nations remain relatively steady during 285 
1995–2009, except for Australia, Canada, and Luxembourg (Figure 5). Income-based GHG emissions of 286 
Australia and Luxembourg in 2009 increase by 41% and 60% than 1995 levels, respectively (Figure S3). 287 
Income-based GHG emissions of Canada reached the peak in 2008 by increasing 33% compared to the 288 
1995 level, and then dropped after 2008 under the global financial crisis. 289 
It is worth noting that income-based GHG emissions of most nations, except for China and India, 290 
dropped after 2007 or 2008, probably due to the influence of global financial crisis. The global financial 291 
crisis has little impact on income-based GHG emissions of China and India, reflecting its limited effect 292 
on capital investments in these two nations due to their strict capital control policies. 293 
The income-based accounting method reveals different temporal trends in GHG emissions of nations 294 
(e.g., Australia, Canada, Germany, Japan, Russia, the US, and Luxembourg, Figures 5 and S3) over the 295 
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production-based and consumption-based accounting methods. The rapid development of mining 296 
industries in resource-exporting nations (e.g., Australia, Canada, and Russia) drives their income-based 297 
GHG emissions (Figure S5). Income-based GHG emissions of these three nations remain higher than 298 
their production-based and consumption-based GHG emissions after 2002 (Figure 5), probably due to 299 
the increasing resource exports to emerging economies (e.g., China). Increasing resource demand of 300 
emerging economies in the future will probably further drive resource exports and income-based GHG 301 
emissions of resource-exporting nations. 302 
Moreover, income-based GHG emissions of Germany keep higher than its production-based and 303 
consumption-based GHG emissions after 2001, due to the increase in downstream GHG emissions 304 
enabled by primary inputs in its renting and other business sector (Figure S6). Although Luxembourg 305 
has a small amount of GHG emissions in the world, the temporal trend in its GHG emissions is 306 
enlightening to global GHG mitigation. Production-based and consumption-based GHG emissions of 307 
Luxembourg keep steady during 1995–2009, but its income-based GHG emissions increased quickly in 308 
this period, especially during 2001–2007. The rapid increase in Luxembourg’s income-based GHG 309 
emissions is mainly due to the increasing downstream GHG emissions enabled by primary inputs in its 310 
financial intermediation and renting and other business sectors (Figure S6). These two sectors have 311 
large primary inputs and income-based GHG emissions, but relatively few production-based and 312 
consumption-based GHG emissions (Figure S7). Such findings indicate that only concerning 313 
production-based and consumption-based GHG emissions of particular nations is not enough to mitigate 314 
global GHG emissions, if more developing nations switch to service-dominant economies (especially to 315 
renting and other business, financial intermediation, and wholesale and commission trade sectors). It is 316 
crucial for global GHG reduction to take into account income-based GHG emissions of nations. 317 
The percentage decrease in income-based GHG emissions of Japan and the US is larger than that of their 318 
production-based and consumption-based GHG emissions (Figure S3). The decrease in their income-319 
based GHG emissions is mainly due to the decline in the downstream GHG emissions enabled by 320 
primary inputs in their renting and other business, financial intermediation, and wholesale and 321 
commission trade sectors (Figure S8). Such a finding can guide supply-side measures to focus on the 322 
reduction of income-based GHG emissions of these critical sectors. 323 
Since population changes of nations are relatively small, temporal trends in income-based GHG 324 
emissions of nations on per capita basis (Figures S9 and S10) are similar to results on the quantity basis. 325 
This finding does not apply to the temporal trends on per GDP basis (Figure 6). Per GDP income-based 326 
GHG emissions of most nations, except for Indonesia and Luxembourg, have decreased during 1995–327 
2009, indicating the relative decoupling of supply-side GHG emissions of nations from their economic 328 
development. Income-based GHG emissions per GDP of Indonesia reached the peak in 2006 (20% 329 
higher than 1995 level), while that of Luxembourg peaked in 2007 (30% higher than 1995 level) (Figure 330 
S11). Although Luxembourg has lower per GDP production-based and consumption-based GHG 331 
emissions during 1996–2009 than 1995 levels, its per GDP income-based GHG emissions during 2003–332 
2008 are higher than the 1995 level. 333 
We find that the trends of nations’ GHG emissions change under the income-based accounting method 334 
compared to the production-based and consumption-based accounting methods. On one hand, this 335 
finding reveals new trends in historical GHG emissions of nations, which provides additional 336 
information for responsibility accounting in global GHG reductions based on cumulative emissions of 337 
nations 42, 43. On the other hand, this finding reveals trajectories of income-based GHG emissions of 338 
different types of nations, informing potential drivers and hotspots for solutions. 339 
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 340 
Figure 5. GHG emissions of nations during 1995–2009 (units: Mt CO2-e). 341 
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 342 
Figure 6. Per gross domestic products (GDP) GHG emissions of nations during 1995–2009 (units: g CO2-e / US$). 343 
 344 
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DISCUSSION 345 
With the income-based accounting method, this study identifies new critical nations and sectors and new 346 
temporal trends which cannot be uncovered with the production-based and consumption-based 347 
accounting methods. The income-based accounting method can complement the production-based and 348 
consumption-based accounting methods to support policy decisions on global GHG mitigation, emission 349 
quota determination, and shared responsibility design. 350 
Supporting policy decisions from multiple perspectives 351 
The income-based accounting method implies different policy implications compared to the production-352 
based and consumption-based accounting methods. The production-based accounting identifies critical 353 
nations and sectors directly discharging large amounts of GHG emissions (e.g., electricity generation 354 
sector of the US and China). It informs policy decisions related to energy usage and end-of-pipe control 355 
(e.g., improving energy usage efficiency, promoting low-carbon energy sources, and implementing 356 
carbon capture and storage technologies). The consumption-based accounting identifies critical nations 357 
and sectors the final consumption of which induces large amounts of upstream GHG emissions (e.g., 358 
construction sector in China and public administration sector in the US). It informs policy decisions 359 
related to consumption behaviors (e.g., influencing consumption behaviors through carbon tax on 360 
consumed products) and international collaboration (e.g., transferring technologies and capital from final 361 
consumers to direct emitters through emissions trading scheme) 18, 44-49. The income-based accounting 362 
identifies critical nations and sectors primary inputs of which enable large amounts of downstream GHG 363 
emissions (e.g., the renting and other business, wholesale and commission trade, and financial 364 
intermediation sectors of the US). It informs policy decisions related to items in the value-added (e.g., 365 
adjusting the rates of taxes and subsidies on products and the rates of loans to the production) and 366 
product allocation behaviors (e.g., financial incentives on selling products to low-carbon users). 367 
Decision makers can choose to invest in dominant enterprises of sectors that have less income-based 368 
GHG emissions and limit loan supply and subsidies to dominant enterprises of sectors that have high 369 
income-based GHG emissions. Moreover, primary suppliers can reduce their income-based GHG 370 
emissions by selling to less GHG-intensive downstream users. For example, the US could encourage its 371 
financial intermediation enterprises (e.g., through government subsidies) to preferentially serve 372 
enterprises with lower GHG intensity instead of those with higher GHG intensity. Primary suppliers can 373 
also help reduce GHG emissions of downstream users with higher GHG intensity by transferring related 374 
technologies and capital investments to their downstream users (e.g., through emissions trading scheme). 375 
The Carbon Disclosure Project (CDP) of the UK requires major enterprises to report GHG emissions 376 
caused by their production and upstream inputs 50. Such information is used to change market behaviors 377 
of decision makers. Encouraging an enterprise to trace GHG emissions of its downstream users in the 378 
CDP can help reveal its income-based GHG emissions. This is a promising way to implement supply-379 
side policies discussed above. On one hand, this action can provide additional information for decision 380 
makers to change their market behaviors (e.g., capital investment). On the other hand, this action can 381 
help identify critical downstream users influencing an enterprise’s income-based GHG emissions, 382 
supporting the choice of downstream users and emissions trading scheme. Similar measures should also 383 
be encouraged in mineral ore and fossil fuel mining enterprises of resource-exporting nations (e.g., 384 
Russia, Australia, and Canada), which are critical primary suppliers of the global GHG emissions. 385 
Governments should reply on both administrative and economic tools to implement the production-side, 386 
demand-side, and supply-side measures. For example, administrative tools can be setting standards on 387 
GHG intensity of direct GHG emitters, embodied GHG certification of final consumers, and enabled 388 
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GHG certification of primary suppliers. Economic tools can be using the rates of taxes, subsidies, and 389 
loans to influence product prices, consumption behaviors, and primary factor prices. 390 
Supporting emission quota determination 391 
Existing studies find that, to mitigate global GHG emissions, designing emission quotas based on 392 
cumulative emissions of nations may be more reasonable than simply on a particular year 42, 43. Time-393 
series analysis of income-based GHG emissions of nations in this study provides a foundation for 394 
determining quotas on cumulative emissions. Temporal trends in income-based GHG emissions of 395 
specific nations are much different from those in production-based and consumption-based GHG 396 
emissions. If quotas on cumulative emissions only consider production-based or consumption-based 397 
GHG emissions, the rapid increase of a nation’s primary inputs in sectors with higher income-based 398 
GHG emissions than production-based and consumption-based GHG emissions (e.g., the financial 399 
intermediation sector of China) will still be responsible for the growth of global GHG emissions. Thus, 400 
results of the income-based accounting can be an important element in designing reasonable quotas on 401 
cumulative emissions. 402 
Supporting shared responsibility design 403 
Scholars propose that nations should share the production-based and consumption-based emission 404 
responsibility 2, 8-10. In addition to the production-based and consumption-based accounting methods, the 405 
income-based accounting method provides additional information on shared responsibility studies. If 406 
resource-exporting nations continue to export large amounts of resources to foreign nations, their 407 
income-based GHG emissions and the global total GHG emissions will increase, although their 408 
production-based and consumption-based GHG emissions may remain relatively stable. Thus, the 409 
income-based accounting method should also be taken into account by shared responsibility studies. 410 
The Kyoto Protocol and Paris Agreement of the UNFCCC 1 mainly focus on production-based GHG 411 
emissions of nations (e.g., emission reduction commitments and the emission peaking of nations), but 412 
pay little attention to consumption-based and income-based GHG emissions of nations. This situation 413 
will lead to emission leakages from final consumers to upstream suppliers and from primary suppliers to 414 
downstream users. Similar situation can be observed in GHG reduction actions of particular nations. For 415 
example, the US Environmental Protection Agency (EPA) proposed a Clean Power Plan (CPP) for CO2 416 
reductions in existing power plants in 2015 51. This CPP only concerns production-based CO2 emissions 417 
of power plants and states, while ignores consumption-based and income-based emission responsibilities 418 
of other sectors on the electricity sector. Incorporating demand-side and supply-side actions in other 419 
sectors can more effectively reduce CO2 emissions of power plants. Moreover, CO2 reduction goals of 420 
the US and China in the U.S.-China Joint Announcement on Climate Change 52 only focus on 421 
production-based emissions of these two nations and ignore their consumption-based and income-based 422 
emissions. Similar situations are found in the UK’s CDP and the CO2 reduction goals of China’s Five-423 
Year Plans. 424 
Thus, the UNFCCC should count emission responsibilities of nations from multiple viewpoints such as 425 
the production, consumption, and income perspectives. This requires the development of hybrid 426 
approaches that consist of production-based, consumption-based, and income-based input-output 427 
models. The UNFCCC should also encourage nations to take shared responsibilities by making not only 428 
production-based but also consumption-based and income-based emission reduction commitments. This 429 
can enforce nations to take not only production-side but also demand-side and supply-side measures to 430 
control global GHG emissions. However, designing shared responsibilities is a challenging job. For 431 
example, assigning reasonable weights to multiple emission accounts is complex, because it must 432 
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consider many relevant factors such as emission amounts, development levels, and the population of 433 
nations. Designing shared responsibilities is an important and interesting future research avenue. Future 434 
studies should also focus on the development of hybrid approaches that consist of production-based, 435 
consumption-based, and income-based input-output models prior to carbon cap or carbon quota policy 436 
making. 437 
 438 
SUPPORTING INFORMATION 439 
The supporting information provides supplemental Figures and Tables supporting the main text. 440 
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